A hybrid electrochemical and photochemical (HEP) process was used to oxidize and mineralize the herbicide tebuthiuron (TBT), which is a potential contaminant of ground water, using a DSA ® anode and UVC light. The electrochemical and photochemical experiments were carried out in flow reactors and the investigated variables were: i) power of the Hg lamp (5, 9, 80, and 125 W), ii) solution pH (3, 7, 11, and no control), iii) NaCl concentration (0, 1, 2, and 4 g L −1 ), and iv) electric current density (10, 20, and 30 mA cm −2 ). The performance of the oxidation and mineralization process of TBT and its intermediates was assessed by high performance liquid chromatography coupled to mass spectrometry and total organic carbon analyses. The use of a 9 W Hg lamp led to complete oxidation and mineralization of TBT, and its intermediate compounds, from acidic to neutral solutions, independently of the applied electric current density, and with increasing NaCl concentration. High CO 2 conversions were obtained using the HEP process, as the generated intermediates (including an organochlorine) were completely eliminated. TBT removal rates similar to those of an electrochemical experiment using a boron-doped diamond anode were attained using the HEP process, but with higher energy consumption; however, chlorinated carboxylic acids were no longer present in the final treatment stages. The HEP process could be regarded as an advanced oxidation process, being an interesting option to treat effluents contaminated with organics if a proper optimization of the UVC lamp is done.
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Introduction
Surface water contamination by distinct synthetic organic compounds (SOC) has become one of the most important problems in this century, because of the SOC recalcitrance towards removal by microorganisms and the increasing scarcity of easily available surface water [1] . A large number of papers have reported on the detection, through liquid chromatography coupled to mass spectrometry [2], of many different classes of SOC in surface water [3] , even after treatment at municipal wastewater treatment plants, such as: herbicides, antibiotics, personal care products, and so on [4, 5] . In the environment, such compounds can cause severe damage to aquatic and human lives [6] , and thus their effects need further investigation. Consequently, there is the necessity to adequately treat effluents, using distinct methods or their combination [7] , before disposal in the environment.
A large number of methods to treat effluents containing organic compounds have been described in the literature [8] . The choice of a certain treatment method usually depends on the physical chemical characteristics of the effluent that will be treated [7] . Among those methods, the electrochemical one is the choice when adequate levels of dissolved organic load [9] and conductivity are present in the effluent. The main drawback of electrochemical technology is the use of electrical energy; however, the efficiency of organic compound removal to the electrical energy consumed can be optimized by the choice of adequate electrode materials [10] , as well as the combination with another treatment method [11] . Among the available electrode materials, boron-doped diamond has been extensively used to detect many different kinds of organic compounds [12] and treat effluents contaminated with SOC [13], due to the quasi free hydroxyl radicals (HO • ) produced from water discharge [14] ; however, there are some operational problems associated with this anode, such as the BDD film stability during electrooxidation in the presence of chloride ions (Cl − ) [15, 16] . On the other hand, dimensionally stable anodes (DSA ® ) are electrochemically stable and commercially available [17] . These anodes are mainly used in the presence of Cl − (with an interest- ing exception [18] ) to produce active chlorine oxidants (Cl 2 , HOCl, and OCl − ), as the overpotential value for this reaction is low, to oxidize and partially mineralize SOC [19] . Moreover, as the oxidation power of these oxidants is weak in comparison to that of HO • , it is common to irradiate the DSA ® surface with ultraviolet (UV) light (generally using high pressure mercury lamps with the most intense line at 254 nm − UVC) to generate electron/hole pairs, with subsequent HO • generation through the oxidation of water by the hole [20, 21] . In parallel, UVC radiation can also promote the homolysis of active chlorine species to generate HO • and Cl • [22] , leading to significant removal of organic compounds [23, 24] . The photolysis of these compounds by UVC radiation is also possible [25] through the decomposition of previously excited organic molecules, or reaction with reactive oxygen species [26, 27] , to its intermediates or to CO 2 . The main negative points of this combined process, which is commonly denominated as "photo-assisted electrochemical process", are the high electrical energy consumption caused by the use of high pressure UV lamps [28] , low fluency rate, low ratio of anatase to rutile crystalline phases in the DSA ® anode (leading to poor efficiency in the electron/hole pair formation), and possible formation of organochlorine compounds (aromatic or short chain carboxylic acids) [29, 30] . All these features have led to uncertainties regarding the electrical energy efficiency of the process and its environmental safety.
Thus, the aim of the present work is to use a combined electrochemical and photochemical process (also called a hybrid electrochemical and photochemical process), without direct UV irradiation of the DSA ® surface, to mineralize a synthetic solution containing the herbicide tebuthiuron (TBT), with concomitant identification of the main organic intermediate compounds formed in the process. TBT is largely used in the cultivation of sugar cane, thus being a potential contaminant of soil [31] and surface [32] water. As far as we know, no work in the literature describes the degradation of TBT and the detection of its degradation byproducts using the hybrid system proposed in this work; only electrochemical [33, 34] and photo-Fenton [35] [36] [37] [38] technologies have been used. The main idea is to use a commercial DSA ® anode to electrogenerate active chlorine species (as the Cl − ion has a higher diffusion coefficient than SOC), which subsequently will undergo homolytic cleavage in the bulk of the solution mediated by UVC radiation emitted by a low power Hg lamp; we intend to prove that this hybrid electrochemical and photochemical process (using a DSA ® ) is economically feasible and could be described as a hybrid advanced oxidation process. Accordingly, a simple electrochemical flow reactor (without quartz windows) coupled to a photochemical flow reactor will be used and the effect of the following process parameters will be assessed: power of the UV lamp used, current density, solution pH and NaCl concentration. The optimized results in terms of these parameters, as well as the mineralization current efficiency, electrical energy consumption, and extent of total electrochemical combustion (conversion to CO 2 ) will be compared to those attained using solely the electrochemical method with a BDD anode. In addition, the kinetic parameters of both processes will be compared with those of a theoretical model purely based on a mass transport controlled process.
Experimental

Chemicals
All chemicals, including tebuthiuron (500 g L −1 commercial solution, Adama Brasil), Na 2 SO 4 (a.r., Qhemis), NaCl (a.r., Qhemis), Na 2 S 2 O 3 (a.r., Qhemis), KI (a.r., Synth), H 3 PO 4 (85%, Mallinckrodt), Na 2 S 2 O 8 (a.r., Sigma Aldrich), formic acid (a.r., JT Baker) and acetonitrile (HPLC grade, JT Baker), were used as received. All carboxylic acids were purchased from Sigma Aldrich. Deionized water (Millipore Milli-Q system, resistivity ≥18.2 M cm) was used for the preparation of all solutions.
Electrochemical and photochemical degradation experiments
A schematic representation of the hybrid electrochemical and photochemical flow system can be seen in Fig. SM 1a , in the Supplementary material file. The electrochemical experiments were carried out in a one-compartment filter-press flow reactor containing a DSA ® (Ti/Ru 0.3 Ti 0.7 O 2 -nominal composition) and two AISI 304 stainless steel plates as anode and cathodes, respectively (see details in Fig. SM 1b in the Supplementary material file) . The exposed area of the DSA ® anode was 4.16 cm × 2.75 cm (each face), respectively, and the distance between electrodes was around 5 mm. The photochemical process was carried out by irradiation of the electrolyzed solution in the system's reservoir using low and high pressure Hg lamps. The investigated variables and their ranges in the degradation of 100 mg L −1 of tebuthiuron (TBT) solutions in aqueous 0.1 M Na 2 SO 4 were: i) power of commercial Hg lamps (5, 9, 80, and 125 W) , ii) solution pH (3, 7, 10, and with no control), iii) added NaCl concentration (0, 1, 2, and 4 g L −1 ), and iv) current density (10, 20, and 30 mA cm −2 ). The fluency rate of the Hg lamps was measured with a FieldMaxII radiometer and the obtained values can be seen in Table SM 1, in the Supplementary material file. The solution pH was continuously monitored and kept constant at the desired values by addition of concentrated solutions of H 2 SO 4 or NaOH. The flow rate, flow velocity, electrolysis time, and treated solution volume were fixed: 420 L h −1 , 0.29 m s −1 , 360 min, and 1.0 L, respectively. Before any electrochemical and photochemical experiment and in order to eliminate any adsorbed organic compound on the DSA ® surface, this electrode was electrochemically pretreated in 0.1 mol L −1 Na 2 SO 4 by applying 20 mA cm −2 for 15 min. After the optimization of the hybrid electrochemical and photochemical process, its attained dissolved organic matter removal efficiency and electrical energy efficiency were compared to those of an additional solely electrochemical experiment carried out using a boron-doped diamond (BDD) anode. This electrode (boron content of 500 ppm in the BDD film, deposited on a Si substrate) was purchased from NeoCoat SA (Switzerland).
Analyses
The evolution of the concentration of TBT was monitored by high performance liquid chromatography (HPLC) using a core shell C-18 reversed phase as the stationary phase (150 mm × 4.6 mm, 5 m particle size, from Phenomenex ® ) and a mixture of H 2 O and acetonitrile (75:25 V/V) in an isocratic elution mode as the mobile phase, at 1 mL min −1 . TBT was detected at 254 nm. The injection volume and temperature of the column were 25 L and 23 • C, respectively.
Analyses of the intermediate compounds were made every 1 h until 8 h of electrolysis. The 2 mL extracted samples were first frozen and then dried in a lyophilization system (CHRIST alpha 2-4 LD Plus) for 24 h. After this period, the samples were resuspended in 1 mL of acetonitrile and filtered using a 0.22 m cartridge coupled to a glass syringe. The intermediates formed during the TBT degradation process were determined by liquid chromatography coupled to a mass spectrometer (LC-MS/MS) analyses in a 1200 Agilent Technologies HPLC coupled to a 3200 QTRAP mass spectrometer (QqLIT -Linear Ion Trap Quadrupole LC-MS/MS Mass Spectrometer), AB SCIEX Instruments, operating in a positive mode, and TurboIonSpray ionization. A special software Lightsight ® 2.3 (Nominal Mass Metabolite ID Software, AB SCIEX) was used to investigate all byproduct possibilities. The application of the software was performed after optimization of the ionization and fragmenta-
